Upper body abdominal subcutaneous adipose tissue (SAT) can be divided into deep SAT (DSAT) and superficial SAT (SSAT) depots. Studies on adipose tissue fatty acid (FA) composition have made no distinction between these two depots. The aim of this study is to determine whether DSAT and SSAT differ in FA composition. We studied the FA composition of DSAT and SSAT in 17 male and 13 female volunteers using non-invasive proton magnetic resonance spectroscopy in vivo. Magnetic resonance imaging was used to differentiate between DSAT and SSAT. Adipose tissue spectra were analysed for lipid unsaturation, or double bond (DB) content, and polyunsaturation (PU), according to previously validated methods. The DSAT depot was more saturated than the SSAT depot, in both men (0.833±0.012 vs 0.846±0.009 DB, Po0.002) and women (0.826±0.018 vs 0.850±0.018 DB, Po0.002). In contrast, PU did not differ between DSAT and SSAT in either men (0.449 ± 0.043 vs 0.461 ± 0.044 PU, P ¼ 0.125) or women (0.411 ± 0.070 vs 0.442 ± 0.062 PU, P ¼ 0.234) and displayed a close correlation between the depots (R ¼ 0.908, Po0.001, n ¼ 30). The higher saturation in DSAT compared with SSAT can be attributed to a higher ratio of saturated to monounsaturated FAs. These results should be taken into account when determining the FA composition of SAT.
INTRODUCTION
Adipose tissue distribution is a well-known predictor of cardiovascular disease and type 2 diabetes. Gas chromatography studies on adipose tissue biopsies have shown that different fat compartments differ in their fatty acid (FA) profiles. 1 Specifically, upper body subcutaneous fat was found to be more saturated than lower body subcutaneous fat, whereas visceral fat was more saturated than upper body subcutaneous fat. The differences in FA composition of adipose tissue depots likely reflect the underlying metabolic activity of the tissue.
Upper body abdominal subcutaneous adipose tissue (SAT) can be further differentiated into superficial (SSAT) and deep SAT (DSAT) depots. These depots are anatomically separated by a stromal fascia, also known as Scarpa's fascia, as shown by cadaver studies. 2 The two subcutaneous depots also show distinct microscopic characteristics, with DSAT having larger and better organized fat lobules than SSAT. 2 More recently, the DSAT depot has been reported to differ from the SSAT depot in lipolytic activity, 3 macroscopic and microscopic morphology 4 and protein expression. 5 Whether the deep and superficial subcutaneous depots differ in their FA composition is unknown. 6 The composition of dietary fat is a poor predictor of the content of saturated FAs (SAFAs) and monounsaturated FAs (MUFAs) in adipose tissue. This can be attributed to the fact that these FAs are readily synthesized and modified by the human body. 6 Also, the ratio of SAFA to MUFA seems to account for the variance in total saturation between different adipose tissue depots.
1 Polyunsaturated FAs are evenly distributed among the adipose tissue depots and thus do not contribute to the inter-depot variance in adipose tissue saturation. 1 Recently, the SAFA and MUFA content of adipose tissue has come under closer scrutiny as the ratio of SAFA to MUFA in SAT has been found to correlate with insulin sensitivity. 7, 8 The superficial fascia separating waist DSAT and SSAT can be observed by computed tomography and magnetic resonance (MR) imaging. Consequently, both methods have been used to examine the independent contributions of DSAT and SSAT to dyslipidemia 9 and to insulin resistance. 10, 11 We have recently developed and validated a long echo time (TE) proton MR spectroscopy ( H-MRS provides arbitrary localization of the sampling volume and can be implemented in conjunction with MR imaging, thus providing a unique tool for studying the FA composition of different fat depots.
As distinct adipose tissue depots have been shown to differ in their FA composition, this may also hold for DSAT and SSAT depots. This study uses 1 H-MRS to determine whether upper body DSAT and SSAT depots differ in their FA composition.
MATERIALS AND METHODS Subjects
A total of 30 healthy subjects (17 male/13 female) aged 26-64 years were recruited for the study. The study protocol was approved by the Hospital District of Helsinki and Uusimaa Ethics Committee and adhered to the ethical guidelines of the Declaration of Helsinki. All subjects provided a written informed consent.
Measurements
A clinical 1.5-Tesla MRI scanner (Avanto, Siemens, Erlangen, Germany) was used for acquiring localized proton spectra from the SSAT and DSAT depots. Subjects were measured in a supine position for maximum comfort. Localizer images were acquired with a T 1 -weighted spoiled gradient echo sequence with selective fat excitation with repetition time 5.24 ms, TE 91 ms and flip angle 801, providing a good contrast between adipose tissue and non-adipose tissue. Localized proton spectra were acquired with the PRESS (Point Resolved Spectroscopy Sequence) sequence from the superficial and deep adipose depots at the umbilicus level, as shown in Figure 1 . The PRESS volume of interest was cube shaped and ranged 1-8 cm 3 in volume, adjusted to accommodate for differences in the size of the subcutaneous depots. The volume of interest was placed at least at a 3-4-mm distance from the muscle tissue and skin to minimize contamination and optimize homogeneity. For each depot, five TEs at 30, 50, 80, 135 and 200 ms were collected using a repetition time of 3000 ms. A flex coil was used for receiving the MRS signal, as previously described. 12 In five subjects, the reproducibility of MRS for measuring fat unsaturation was assessed in the DSAT and SSAT depots by repeating the measurements.
Analysis
The jMRUI v3.0 software (available at http://www.mrui.uab.es/mrui/) and the AMARES algorithm were used to analyse the spectra. 13 The methods used here have been previously reported and validated for the analysis of adipose tissue FA composition. 12 Briefly, the TE 200 ms spectra were used to provide a measure of total lipid unsaturation and the TE 135 ms spectra were used to provide a measure of polyunsaturation (PU). The total unsaturation of lipids, obtained from the TE 200 ms spectra using the ratio of olefinic to methylene resonances, was further converted to the number of double bonds (DBs) per FA chain by calibration with the oil standards.
14 The PU of lipids was derived by dividing the intensity of the diallylic resonance (2.8 p.p.m.) by the intensity of the methylene resonance and expressed in percent. The relaxation time (T 2 ) of methylene protons was determined by a monoexponential fit to the five TEs, as previously reported. 14 Statistical analysis was performed by univariate correlation analyses using Pearson's product-moment correlation coefficient and by the Student's t-test. A P-value o0.05 was considered statistically significant.
RESULTS
The DSAT depot was more saturated than the SSAT depot in terms of DBs per FA chain in both men (0.833 ± 0.012 vs 0.846 ± 0.009 DB, Po0.002) and women (0.826±0.018 vs 0.850±0.018 DB, Po0.002). In contrast, PU did not differ between DSAT and SSAT in either men (0.449 ± 0.043 vs 0.461 ± 0.044 PU, P ¼ 0.125) or women (0.411 ± 0.070 vs 0.442 ± 0.062 PU, P ¼ 0.234) and displayed a close correlation with R ¼ 0.908 (Po0.001, n ¼ 30), as shown in the scatter plot in Figure 2 . The methylene T 2 was slightly longer in the deep depot (83.0 ± 1.3 ms) than in the superficial depot (81.2±1.5 ms), Po0.001. As we have previously shown, the change in T 2 will not impact the unsaturation indices derived from long TE spectra. 15 No statistical difference was observed for the linewidth of the methylene resonance between the deep and superficial depots, indicating comparable spectral quality between depots. For the five repeated measurements, the coefficient of variation of fat unsaturation (DB) was 4.5% in DSAT and 4.3% in SSAT, with a correlation coefficient of 0.98 and 0.97 in DSAT and SSAT, respectively.
DISCUSSION
By using a novel approach of analysing adipose tissue FA composition by long TE 1 H-MRS, we were able to show that abdominal DSAT is more saturated than the abdominal SSAT. The higher saturation of the deep depot can be attributed to differences in the ratio of SAFA to MUFA, as the PU did not differ between the depots.
The distinct metabolic effects of different adipose tissue depots and their FA profiles are likely linked. This is supported by recent findings showing that SAT:stearic acid (18:0) content correlates closely with insulin sensitivity. 8 Possible mechanisms by which these differences in adipose tissue SAFA to MUFA ratio arise are de novo lipogenesis, 8 desaturase activity 7 and FA turnover. 16 How these mechanisms interact to produce distinct MUFA to SAFA profiles in adipose tissue depots is unknown. It can be assumed that a higher degree of saturation (in intra-subject comparison) is a result of a higher metabolic activity of the underlying tissue. Our novel finding that DSAT is more saturated than SSAT can thus be interpreted as additional evidence that the DSAT and SSAT depots are two metabolically distinct compartments.
Studies on adipose tissue biopsies have shown that lower body femoral SAT has a lower SAFA to MUFA ratio than upper body abdominal SAT.
1 A large lower body fat depot also seems to protect from the adverse effects of obesity. It is thought that the metabolically less active femoral adipose tissue acts as a buffer or sink, which accumulates and stores surplus FAs. 17 Our results show that SSAT has a lower SAFA to MUFA ratio than DSAT, indicating that the abdominal SSAT depot may have a similar protective effect as the femoral depot, whereas the abdominal DSAT depot is Composition of deep vs superficial adipose tissue J Lundbom et al more closely related to the metabolically harmful visceral adipose tissue. It has even been suggested that the size of the DSAT depot is a better predictor of fasting insulin levels than the size of the visceral depot. 18 Our novel method of analysing lipid composition by long echo 1 H-MRS has been tested on oil phantoms 15 and validated by gas chromatography. 12 In these studies, we also showed that a temperature-induced difference in T 2 relaxation does not influence the indices of lipid composition derived from long TE spectra. The small but statistically significant difference in the T 2 relaxation of DSAT and SSAT lipids can be attributed to a slightly warmer temperature in DSAT, as SSAT is closer to the skin and therefore exposed to ambient temperatures.
The small but consistent differences in the FA composition of DSAT and SSAT should be taken into account when determining the FA composition of SAT. The results of the current study should be validated by the analysis of adipose tissue biopsies, which will also provide more detailed information on the FAs contributing to the observed difference in unsaturation.
